Insulin resistance, which may precede the development of noninsulin-dependent diabetes mellitus in Pima Indians, appears to result from a postreceptor defect in signal transduction in skeletal muscle. To identify the putative postreceptor lesion responsible for insulin resistance in Pima Indians, we investigated the influence of insulin on the activity of casein kinase II (CKII) in skeletal muscle of seven insulin-sensitive, four insulin-resistant, nondiabetic, and five insulin-resistant diabetic Pima Indians during a 2 h hyperinsulinemic, euglycemic clamp. In sensitive subjects, CKII was transiently activated reaching a maximum over basal activity (42%) at 45 min before declining. CKII was also stimulated in resistant (19%) and diabetic (34%) subjects. Basal CKII activity in resistant subjects was 40% higher than in either sensitive or diabetic subjects, although the concentration of CKII protein, as determined by Western blotting, was equal among the three groups. Basal CKII activity was correlated with fasting plasma insulin concentrations, suggesting that the higher activity in resistant subjects resulted from insulin action. Extracts of muscle obtained from all three groups either before or after insulin administration were treated with immobilized alkaline phosphatase, which reduced and equalized CKII activity. These results suggest that insulin stimulates CKII activity in human skeletal muscle by a mechanism involving phosphorylation of either CKII or of an effector molecule, and support the idea that elevated basal activity in resistant subjects results from insulin action. It appears that the ability of insulin to activate CKII in skeletal muscle is not impaired in insulin-resistant Pima Indians, and that the biochemical lesion responsible for insulin resistance occurs either downstream from CKII or in a different pathway of insulin action. (J. Clin.
noninsulin-dependent diabetes mellitus; PP,-I, the form of type I phosphatase comprising a catalytic subunit and inhibitor 2.
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Volume 87, March 1991 March , 1017 March -1022 may be inherited as a single autosomal gene (1) . Longitudinal studies have demonstrated that subjects with normal glucose tolerance, who subsequently develop NIDDM, first develop impaired glucose tolerance, a condition that is characterized by a reduced capacity of skeletal muscle to respond to circulating insulin (2). Insulin-resistant subjects were found to have lower rates of insulin-stimulated, nonoxidative glucose disposal (glycogen synthesis) in skeletal muscle than did insulin-sensitive subjects (3) , a difference that can be explained by abnormal activation of glycogen synthase in response to insulin in these subjects (4) . Because insulin resistance may be an expression of the genetic lesion ultimately responsible for NIDDM, an understanding of its biochemical and molecular basis is critical for understanding the cause and potential treatment of the disease.
Insulin resistance results from a failure in the mechanism of insulin signal transduction. Although this mechanism is not entirely understood, it is known that reversible protein phosphorylation is involved. The A-subunit ofthe insulin receptor is a ligand-activated tyrosine protein kinase (5-7). The hormone promotes phosphorylation of several proteins on tyrosine and alters the contents of phosphoserine and phosphothreonine in other proteins (8) . These latter effects result from changes in activities of a variety of serine/threonine-specific protein kinases (reviewed in reference 9) and phosphatases (10) (11) (12) in response to insulin. Studies of insulin binding and stimulation of the insulin receptor tyrosine protein kinase in skeletal muscle have not revealed abnormalities that could account for insulin resistance in the Pima Indians (13) . Because the insulin receptor cDNAs from insulin-resistant Pima Indians predict normal protein sequences (14, 15) , the defect in insulin signal transduction that accounts for insulin resistance appears to occur after the receptor.
This postreceptor lesion affects the activation by insulin of both glycogen synthase (4) and glycogen synthase phosphatase ( 1 2) in skeletal muscle. Because glycogen synthase is activated by dephosphorylation, it is likely that the defective activation of the phosphatase accounts for the abnormal response of glycogen synthase. Thus, the defect in the pathway of insulin signal transduction is either in the structure of the phosphatase itself or in elements leading to the activation of the phosphatase. The insulin-stimulated glycogen synthase phosphatase in human skeletal muscle is a type 1 enzyme (unpublished observations). One form of this phosphatase, PP,-I, is a complex comprising a catalytic subunit and an inhibitor protein, inhibitor-2 (16) . PP,-I is activated upon phosphorylation of inhibitor-2 by glycogen synthase kinase 3, a reaction that is enhanced by prior phosphorylation of inhibitor-2 by casein kinase II (CKII) (17) , an enzyme that in cultured cells is activated in response to insulin ( 18, 19) and other peptide growth factors (18) (19) (20) and to serum (21) . Studies using isolated adipocytes suggest that phosphorylation of the CKII site in inhibitor-2 is enhanced in response to insulin (22) . Thus, CKII may be in- Hyperinsulinemic euglycemic clamp and muscle biopsy. After an overnight fast, the euglycemic clamp was initiated by a primed continuous high dose insulin infusion (600 mU/min per m2) for 120 min as previously described (25) . The plasma insulin concentration was measured by automated radioimmunoassay (Concept 4: ICN Pharmaceuticals, Inc., Horsham, PA) before the start of the insulin infusion and at 12.5, 27.5, 55, and 90 min during the clamp. M value was determined during the last 40 min of the clamp.
Percutaneous muscle biopsies were taken from quadriceps femoris before and at 15, 30, 45, 60, and 90 min after the start of insulin infusion. After local anesthesia of skin and muscle fascia, incisions were made at intervals of at least 2 cm, 1-2 inches from the midline of both midlateral thighs. The muscle specimens were collected using a Bergstrom needle and frozen in liquid nitrogen within 5 s and subsequently stored at -70°C. Glucose disposal rates and concentrations of glucose and insulin in plasma before and at steady states during the clamp are summarized in Table II .
Preparation of muscle extracts. Frozen biopsy specimens were lyophilized, dissected free of blood, fat, and connective tissue, and then powdered using a mortar and pestle. Powdered muscle was mixed with buffer comprising 80 mM #-glycerophosphate, 20 mM EGTA, 15 mM MgCl2, pH 7.3, at a ratio of 0.25 ml/mg and disrupted at 4°C for 20 s using an OMNI 1000 homogenizer (OMNI International, Inc., Waterbury, CT) at high speed. The homogenate was centrifuged at 100,000 g for 30 min at 4°C and the supernatant fraction was stored at -70°C.
Casein kinase II assay. CKII activity was assayed using a peptide with the sequence Arg-Arg-Arg-Glu-Glu-Glu-Thr-Glu-Glu-Glu that is a specific substrate for CKII (26) and that is useful for measuring CKII activity in extracts of cells (27). Aliquots of muscle extract (12 JAl) were incubated in a final volume of 30,ul at 30°C for 20 min in the presence of 50 mM Tris-HCI, pH 7.6, 10 mM MgCI2, 100 MM [,y-32PJATP
(1,500-4,000 cpm/pmol) with or without 2 mM peptide in duplicate. Reactions were started by adding ATP and were stopped by applying 25 ul of the reaction mixtures on Whatman P-81 papers (Whatman Inc., Clifton, NJ), which were then washed five times with 10 mM H3PO4 and once with 95% ethanol and dried. Radioactivity associated with the papers was determined by liquid scintillation spectrometry. The ratio of radioactivity incorporated in the presence of peptide substrate divided by radioactivity incorporated in its absence was 4.5±0.15 (mean±SE; n = 18). Kinase activity was calculated on the basis of net phosphorylation of peptide. Assays were linear with both the amount of muscle extract (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) Mg protein/assay) and with time up to 30 min (data not shown).
Alkaline phosphatase treatment. Before treatment with alkaline phosphatase, aliquots of muscle extracts (240 Ml) were concentrated to 60 MAl using Bio-Rad Ultracent-30 concentrators (Bio-Rad Laboratories, Richmond, CA) and then diluted in 600 Ml of buffer A (15 mM Tris-HCl, pH 7.9, 5 mM KCI, 0.5 mM MgCl2, 0.5 mM dithiothreitol, and I mM phenylmethylsulfonyl fluoride) (20 Statistical analysis. The data presented are mean values± 1 SE of the mean. Comparisons of two sample means were made using Student's t test. Statistical significance of the effect of insulin on CKII activity during the insulin infusion ( Fig. 1) was assessed by repeated measures analysis of variance.
Results
Time course ofinsulin-stimulated casein kinase II activity. Fig.  1 shows the effect of insulin on CKII activity measured in ex- tracts of human skeletal muscle obtained during a high dose insulin clamp. In sensitive subjects, CKII activity was rapidly and transiently stimulated. The effect was essentially maximal (37±8% over basal) by 15 min and persisted through 45 min (42± 1I1% over basal) after which activity began to decline. The activation was biphasic in three subjects, which accounts for the slightly lower activity at 30 min than at 15 and 45 min. CKII activity was also increased in response to insulin in diabetics, however, in contrast to sensitive subjects, the activity remained elevated over the 90-min period examined. The maximum activation (34±7% over basal) was similar to that seen in sensitive subjects, but it was not achieved until 90 min. The time course of the response of CKII to insulin in nondiabetic resistant subjects was similar to that in the diabetics, but the magnitude of activation ( 19± 10%) was only about one-half that achieved in the other groups. The magnitude ofthe insulin effect in resistant subjects may be limited because of a higher basal CKII activity and a limit to the maximum obtainable specific activity, which under our experimental conditions appears to be about 3 pmol/min per mg dry muscle. Basal CKII activity. To determine whether differences in basal CKII activity among the three groups could be explained by different concentrations of CKII, three extracts from each group were subjected to immunoblot analysis and quantitation of both a-and /3-subunits of CKII. Fig. 2 shows an autoradiogram of the immunoblot. It is apparent from inspection that the concentration of CKII is similar among the three groups. An additional aliquot of one sample (number 3) from each group that contained twice the amount of extract protein was analyzed to demonstrate that the blotting technique can detect small differences in CKII protein (see also reference 18). Bands corresponding to a-and /-subunits of CKII were excised and associated radioactivity was determined by y-counting. CKII activity was not correlated with the amount ofeither a-subunit (r = -0.21) or /3-subunit (r = -0. 19), indicating that the higher basal CKII activity in resistant subjects does not result from overexpression ofCKII, but rather from elevated activity ofthe enzyme. Because insulin-resistant nondiabetic subjects were hyperinsulinemic, it is possible that the elevated basal CKII activity is the result of insulin action. This possibility is sup- Figure 1 . Activation of casein kinase II by insulin in human skeletal muscle. Muscle biopsies were taken before and at various times during a hyperinsulinemic, euglycemic clamp. The preparation of muscle extracts and assays of CKII activity are described in Methods. The data are means±SEM for seven insulin-sensitive (o), four insulin-resistant, nondiabetic (x), and five insulin-resistant diabetic (m) subjects. The effect of insulin on CKII activity in all three groups was significant (P < 0.05) as assessed by repeated measures analysis of variance. Basal CKII activity (t = 0) in resistant subjects was significantly higher (P < 0.05) than ported by the data in Fig. 3 , which shows that among all subjects, basal CKII activity was correlated with fasting plasma insulin levels (r = 0.61; P < 0.02).
Mechanism of insulin-stimulated casein kinase II. The mechanism by which insulin activates CKII is not known. Previous studies have shown that insulin-stimulated CKII activity is stable to gel filtration ( 18) or ion-exchange chromatography (19) , suggesting that the kinase is covalently modified in response to insulin. Ackerman et al. (20) provided evidence that the mechanism by which epidermal growth factor stimulates CKII involves phosphorylation of the enzyme or of an effector protein. Treatment (28) . To determine if insulin activates CKII by a mechanism similar to that of EGF, we treated extracts of muscle, taken from all three groups before and after insulin administration, with immobilized alkaline phosphatase. Fig. 4 shows that treatment with alkaline phosphatase reduced and equalized CKII activity among the extracts. To verify that this effect was the result of phosphatase activity, control incubations were done using phosphatase that was inactivated by heating at 100°C, which eliminated the ability of the alkaline phosphatase to reduce CKII activity in the extracts (Table III) . Thus, in all three groups, the mechanism by which insulin stim- ulates CKII activity appears to involve phosphorylation of the enzyme or ofan effector molecule. Furthermore, because phosphatase treatment equalized basal CKII activities, the higher basal activity of CKII in resistant subjects compared with the other groups apparently can be accounted for by a similar phosphorylation mechanism. This result lends further support to the interpretation that higher basal CKII activity is caused by the higher fasting insulin levels in resistant subjects. Extracts were prepared from muscle of insulin-sensitive, insulin-resistant, nondiabetic and insulin-resistant diabetic subjects either before (-) or after (+) administration of insulin. Extracts were assayed for CKII activity before (open bars) and after treatment with immobilized alkaline phosphatase (solid bars) as described in Methods.
Data are mean±SEM (n = 3).
potential elements of the insulin signal transduction pathway that are affected. Glycogen synthase (4), glycogen synthase phosphatase (12), phosphorylase phosphatase (unpublished observations), and S6 Kinase (29) all respond more slowly and to a lesser extent than is normal. However, one critical element of the pathway, the insulin receptor, does not appear to be affected in such a way as to contribute to insulin resistance (13) . Thus, the biochemical defect in insulin signal transduction appears to lie between the receptor and various downstream elements of the pathway(s) of insulin action. The simplest interpretation of the results of our studies is that the ability of insulin to activate CKII is not impaired in insulin-resistant nondiabetic subjects. Results presented in Fig. 1-3 suggest that, in the basal fasting state, CKII in muscle of resistant nondiabetics is already activated by insulin to a level greater than that in sensitive subjects. This may result from both the higher fasting insulin concentrations in resistant nondiabetic subjects (Table II and Fig. 3 ) as well as the fact that the insulin receptor in skeletal muscle of resistant nondiabetic subjects is more sensitive to insulin than is the receptor from sensitive subjects (13) . In addition to the activation by endogenous insulin, CKII activ- I ity in muscles of resistant subjects is increased even further in response to infused insulin during the clamp, and at all time points, CKII activity in resistant subjects is higher than it is in muscle ofinsulin-sensitive subjects. Thus, CKII apparently participates in insulin signal transduction either before the lesion responsible for insulin resistance or in a separate pathway of insulin action that is not affected by the lesion. Evidence that insulin signal transduction may involve more than one pathway has been obtained from studies using either antibodies to the normal insulin receptor (30) or mutated receptors transfected into normal cells (31, 32) . In these studies, manipulation of the receptor impairs some aspects of insulin action but not others. In particular, it appears that insulin may affect nuclear events, such as stimulation of mitosis and possibly gene transcription, by means other than those by which it influences metabolic pathways. The lower magnitude of increase in CKII activity in response to infused insulin in resistant subjects likely results from the fact that much of the potential activation has been realized before the start of the insulin infusion. This may also account for the slower rise of CKII activity in response to infused insulin in these subjects than in sensitive subjects. The response of CKII to insulin in resistant subjects is likely an approach to a plateau, whereas in sensitive subjects, in which CKII activity starts lower, the response may reflect an initial rate of activation.
The response of CKII to infused insulin appears to be abnormal in muscles ofinsulin-resistant diabetic subjects (Fig. 1) . The response is slower and at all but the 90-min timepoint, CKII activity is lower than it is in muscles of insulin-sensitive subjects. However, the magnitude of the increase, expressed as a fractional increase over basal activity, was similar in the diabetics and normals (34 vs. 42%). It is possible that the slower response of CKII in diabetics results from hormonal or metabolic responses that are secondary to the development of diabetes. The response of CKII to infused insulin in resistant and diabetic subjects differs from that in sensitive subjects in that it is not a transient activation over the 90-min period studied. Because the stimulation of CKII activity that occurs in response to insulin is counteracted by the action ofa phosphatase (Fig. 4) , it is possible that the decline of CKII activity in sensitive subjects that occurs between 45 and 90 min of insulin infusion involves dephosphorylation of CKII or of an effector protein. The fact that CKII activity in both resistant and diabetic subjects does not decline after stimulation by insulin, may reflect the abnormally low activation of protein serine/ threonine phosphatase activity by insulin in these subjects (12) . The lack of phosphatase stimulation also may allow CKII to achieve a higher maximum activity in resistant subjects than in sensitive subjects. Although the overall response of CKII to insulin is different between resistant and sensitive subjects, the difference probably does not result from a defect in getting the signal to CKII to activate it, but rather from a defect in the ability to activate a phosphatase, which could attenuate CKII activation. Because the activation of CKII does not appear to be impaired by insulin resistance, the basis of abnormal activation of type I protein phosphatase probably involves other mechanisms that influence its activity. These may include glycogen synthase kinase 3 (17), cAMP-dependent protein kinase acting through inhibitor 1, or the interaction of the catalytic subunit of the phosphatase with a variety of targeting subunits (33) .
The magnitude of activation of CKII in muscle of insulinsensitive subjects in response to infused insulin was -40% over basal activity, which is consistent with results of our earlier studies using 3T3-L 1 cells and H4-IIE hepatoma cells (18) . This is a relatively modest activation compared with the twoto tenfold stimulations of CKII in response to insulin, IGF-1, EGF, and serum that have been reported (19) (20) (21) . The magnitude of response depends of course on the activity of the enzyme in the basal state. We found that alkaline phosphatase treatment suppressed basal CKII activity in extracts of human skeletal muscle by 75% (Fig. 4) . Thus, it appears that in the basal state, CKII activity is already substantially influenced by means involving the same mechanism by which it is activated in response to insulin. This fact probably restricts the magnitude of response of CKII to hormonal treatment. If one considers the CKII activity after phosphatase treatment as a theoretical basal activity, then the potential range of response of CKII to insulin in human muscle is about six-to ninefold. In contrast to our findings, Ackerman and Osheroff found no effect of alkaline phosphatase on CKII activity measured in extracts ofhormone-naive A43 1 cells, suggesting that their protocol for handling cells before exposure to epidermal growth factor was effective in suppressing basal CKII activity to a minimum. These cells likely had a much greater potential for CKII activation, which achieved fivefold over basal activity in response to EGF (20) . Thus, the magnitude ofCKII activation in response to a hormone may be more a function of the basal activity than it is ofthe maximum activity achieved in response to the hormone. Differences in basal CKII activity may account for the considerable variation in the magnitude of response ofthe kinase to various hormones or growth factors that have been reported.
